A simple, sensitive and feasible Quality by design based RP-HPLC bioanalytical method was developed and validated for Edaravone. Plackett burman design and 3¥3 full factorial designs were utilized for factor screening and optimization respectively, to achieve well resolved asymmetric peaks of both internal standard and drug with good theoretical plates. The optimized chromatographic peak was obtained with mobile phase composition of 10 mM ammonium acetate buffer (pH 6) and acetonitrile (60:40, v/v) at a flow rate of 1.0 ml/m and detection wavelength of 243 nm using Kromasil C 18 (250 mm × 4.6 mm; 5 μm) column. Non normality, skewness or outliers did not exist as demonstrated by residual plot. To eliminate the possible interferences in the biological matrices, a new solid-phase extraction method using STRATA X C 18 Phenomenex cartridges was developed and evaluated. The method was validated as per USFDA guideline. The developed method was efficiently applied to pharmacokinetic study in rat plasma.
INTRODUCTION
Edaravone (EDA) is a neurotrophic drug used in treatment of acute ischemic stroke and myocardial infarction. It acts as a free radical scavenger, lowers lipid-peroxidation induced neuronal death and subsequent oxidative stress of endothelial cells of brain, thereby reducing cerebral edema and cerebral infarction. 1 Chemically, EDA is 5-methyl-2-phenyl-2, 4-dihydro-3H-pyrazol-3-one. It is not official in any of the pharmacopoeias. Carbamazepine (CAR), which is 5H-dibenzo [b, f] azepine-5-carboxamide, is used as internal standard in the present study. Literature review revealed that some methods have been reported for Edaravone individually and in combination. Fluorescent assay, 3 derivative UV spectrophotometric RPHPLC method for combination of Edaravone and Citicoline, 4, 5 HPLC method for determination of phenyl hydrazine residues in EDA 6 have been reported. HPTLC method for estimation of Edaravone in human plasma 2 has been described. Liquid liquid extraction (LLE) was used to isolate edaravone from biological matrix followed by spotting of the extracts onto a Pre coated RP-18 F 254 aluminum sheet. Rf value of EDA was found to be 0.81 ± 0.01. The LOD and LOQ were 25 ng/spot and 150 ng/spot respectively. Also LC-MS/MS method for estimation of Edaravone and Taurine in rat plasma 7 has been stated. In this method 3-methyl-1-p-tolyl-5-pyrazolone and sulfanilic acid were used as internal standards (IS) for simultaneous or independent determination of taurine and edaravone in rat plasma. Chromato graphic separations were achieved on an Agilent Zorbax SB-Aq (100 ¥ 2.1 mm, 3.5 µm) column using mobile phase Gradient 0.03% formic acid-methanol, isocratic 0.1% formic acid-methanol (90:10) and 0.02% formic acid-methanol (40:60). On thorough literature search no report has been found relating to SPE-HPLC bioanalytical method using systematic QBD approach. Hence, the present work aims to develop a simple RP-HPLC bioanalytical method for estimation of EDA in human plasma employing a novel QBD approach that could be successfully employed for analysis of rat plasma samples following intravenous administration.
EXPERIMENTAL

Instrumentation and software
Chromatography was performed on Shimadzu (Shimadzu Corporation, Kyoto, Japan) chromatographic system equipped with Shimadzu LC-20AT pump and Shimadzu SPD-20AV absorbance detector. Samples were injected through a Rheodyne 7725 injector valve with fixed loop at 20 μl. Data acquisition and integration was performed using Spinchrome software (Spinco biotech, Vadodara). Ezypress HT48 (OROCHEM) solid phase extractor and STRATA X C 18 cartridges (PHENOMENEX) were used for solid phase extraction. Minitab 17 software was used for Plackett Burman design (PBD), and Statease Design expert v.9.0 was employed for optimization stage in QBD. Thermo Kinetica PK/PD analysis software (version 5.0 Thermo Fisher Scientific) was used for pharmacokinetic modeling.
Reagents and Chemicals
Drug samples of EDA (99.7% purity) and CAR (99.9% purity) were obtained as gift samples from BDR Pharmaceutical International Pvt. Ltd. Vadodara and Sun Pharmaceuticals, Vadodara respectively. Methanol and acetonitrile (ACN) (HPLC grade, Spectrochem), glacial acetic acid (HPLC grade, Merck), ammonium acetate (HPLC grade, Rankem) and double distilled water were used for the analysis. All the aqueous solutions for analysis were filtered through 0.2 μm nylon membrane filter paper (Pall Lifesciences, Mumbai, India).
Chromatographic condition
Separation and quantitation were performed on Kromasil C 18 column (250 mm × 4.6 mm; 5 µm). The mobile phase comprised of ammonium acetate buffer, pH 6 adjusted with glacial acetic acid: ACN in ratio of 60:40 at a flow rate of 1.0 ml/min at ambient temperature. Detection was carried out at wavelength of 243 nm.
Preparation of Standard Solutions
A standard solution (1 mg/ml) of EDA was prepared in ACN. This solution was used for preparing the plasma samples by withdrawing appropriate aliquots. A standard solution (1 mg/ml) of internal standard, CAR was prepared in ACN. From this, the working internal standard (IS) spiking solution (400 µg/ml), was prepared by appropriate dilution in ACN.
Preparation of calibration standards and quality control (QC) samples
Spiking solutions of EDA were prepared in ACN using appropriate volumes of above standard solution to make calibration curve standards in the range of 500 to 20,000 ng/ml. QC samples were independently prepared by spiking drug-free plasma with appropriate amounts of EDA to give concentrations corresponding to 500 ng/ml (LLOQ QC), 800 ng/ml (LQC), 7500 ng/ml (MQC) and 15,000 ng/ml (HQC) levels of the calibration curve.
Plasma Sample preparations
EDA and CAR (IS) were extracted from plasma using solid phase extraction (SPE) method. To each aliquot (1.8 ml) of plasma (calibration standards, QC samples or rat samples), 0.1 ml of spiking solutions of EDA and 0.1 ml, 400 µg/ml of IS solution was added. STRATA X C 18 Phenomenex cartridges were used for SPE. Sample pre-treatment was carried out by taking 0.5 ml of plasma sample and adding 0.5 ml water to it (sample dilution 1:2). The cartridges were conditioned with 0.5 ml methanol and equilibrated with 0.5 ml water. Then 0.5 ml of pre-treated sample were loaded onto the cartridges. The cartridges were rinsed with 0.5 ml water to wash the interferents and elution of analytes was carried out with 0.5 ml mixture of ACN: ammonium acetate buffer pH 6 in the ratio of 80:20. The eluent was further dried with nitrogen purging for 1-2 m and thereafter the volume of dried residue was reconstituted with ACN and injected into HPLC (20 µl injection volume).
Bioanalytical Method validation
Method validation was carried out according to the USA Food and Drug Administration (USFDA) Bioanalytical method validation guidelines. Selectivity: Selectivity of the assay method was assessed by evaluating potential interference from endogenous compounds in the plasma using six plasma samples under the optimized chromatographic conditions. Blank (without IS) and zero standard sample (with IS and without EDA) were analysed. These samples were compared with standard plasma samples spiked with EDA in order to evaluate interference of plasma at the retention times of EDA or IS. The selectivity of the method has been shown in Figure 4 which consists of the chromatogram of blank human plasma, zero standard and extracted sample. Limit of detection (LOD) and lower limit of quantification (LLOQ): In order to estimate the LOD and LLOQ, drug-free plasma sample was extracted and six replicates were injected and analysed according to the optimized chromatographic conditions. Similarly plasma samples spiked with drug were injected. Linearity of calibration curves: The linearity of the method was determined over calibration range of 500-20,000 ng/ml. To a plasma sample aliquot (1.8 ml) of each calibration standard, 0.1 ml (400 µg/ml) IS was added. The calibration standards were prepared by spiking known concentration of EDA working standard solutions. A linearity curve containing seven non-zero concentrations was analysed. Concentrations of each level were plotted against the area ratio of drug to IS. Back calculated concentration of each calibration standard, slope, y-intercept and correlation coefficient of the curve were calculated by suitable linear regression analysis. Precision and accuracy: Precision and Accuracy of the method were determined by replicate analysis of five determinations at four concentration levels which covers the calibration range: LLOQ, LQC, MQC, and HQC. These QC samples were analyzed against the calibration curve and obtained concentrations compared with the nominal value. Precision is expressed as the % coefficient of variation (% CV). The accuracy and precision were evaluated as within batch (intraday, replicate analysis on same day) and between-batch (interday, replicate analysis for three consecutive days). Extraction recovery: The extraction recovery of EDA and CAR in plasma was evaluated by comparing the mean peak responses of five replicate injections of each LQC, MQC and HQC sample (prepared in plasma), to the mean peak responses of aqueous unextracted samples (without plasma). Also, the recovery of the IS was simultaneously evaluated. Percentage recovery was found as: % Recovery = [(peak area of EDA concentration extracted from spiked plasma/ peak area of EDA concentration without plasma) × 100]. Matrix Factor: Matrix factor is investigated to check the effect of plasma matrix from different sources or population on the response of drug and IS. Matrix factor was calculated using 3 different lots of plasma samples. For each analyte and the IS, the matrix factor (MF) should be calculated for each lot of matrix, by calculating the ratio of the peak area in the presence of matrix (measured by analyzing blank matrix spiked after extraction with analyte), to the peak area in absence of matrix (pure solution of the analyte). The IS normalized MF was also calculated by dividing the MF of the analyte by the MF of the IS. This determination was carried out at LQC and HQC. Dilution Integrity: Dilution integrity was evaluated at dilution range of 1:2 and 1:4 respectively. A dilution integrity standard of 40 µg/ml (a concentration twice that of ULOQ) was prepared and frozen for a period of at least 24 hours. On the day of evaluation, the dilution integrity standard could be diluted for 3 replicates each by a factor of 2 times and 4 times using the prescreened blank plasma. Dilution integrity samples were processed and analyzed against a freshly prepared calibration curve. Stability: According to the guidelines, stability studies of samples were performed at LQC and HQC levels. For bench top stability, three replicates of LQC and HQC samples in plasma were kept at room temperature for 24 hrs (referred to as stability samples). After 24 hrs, fresh samples were prepared in three replicates (referred to as fresh or comparison samples) with respect to which the stability QC samples were analyzed. The freeze thaw (FT) stability of analyte was determined after three FT cycles. 3 sets of LQC and HQC are stored at -5°C to -20°C + 5°C for 24 hrs. These were thawed unassisted at room temperature. Likewise, two more such FT cycles were repeated. All the stability samples were analyzed and compared with freshly prepared QC samples and back-calculated against freshly prepared calibration curve. The room temperature (short term) stock solution stability of EDA and CAR was determined at room temperature for 24 hrs. Room temperature stock solution stability was performed by analyzing three replicates of aqueous solutions prepared from freshly prepared stock solution against three replicates of aqueous solution prepared from aliquots of analyte and IS stored at room temperature for 24 hrs (stability samples). The refrigerated (long term) stock solution stability of EDA and CAR were determined at 2-8ºC after 7 days. Refrigerated stock solution stability was performed by analyzing three replicates of aqueous solution prepared from freshly prepared stock solution against three replicates of aqueous solution prepared from aliquots of analyte and IS stored at 2-8 o C after 7 days (1 week). Application of the proposed method: The validated HPLC method was applied to investigate the pharmacokinetic study of EDA in rats. The pharmacokinetic study was carried out in Male Sprague Dawley rats. Six healthy animals weighing 200-250 gm were selected for the study. The animals were fasted overnight (~14 h) and had free access to water throughout the experimental period. EDA was administered by intravenous route via tail vein at a dose of 1 mg/kg, as an aqueous solution. Blood samples (0.3 ml) were collected from the retroorbital plexus sinus at designated time points (5, 10, 15, 20, 30 and 40 m) into micro centrifuge tubes each containing 50 µl of EDTA. Plasma was harvested by centrifuging the blood using cold centrifuge at 4000 rpm for 10 m. Plasma (200 µl) samples were spiked with IS and processed same as standards as described above.
RESULTS AND DISCUSSIONS
QbD approach to bioanalytical method development and optimization 9,10 :
Preliminary investigations: The Ishikawa cause and effect diagram ( Figure 1) Pareto charts as shown in Figure 2 explain the degree of effect of each CPP's on CQA's in the form of bars. This begins with the most significant response followed by other responses in decreasing order of their contribution to the corresponding factor. The difference between observed response and fitted response value is said to be its residual. Standardized residuals generally have a variance of 1. Standardized residuals with absolute value >2 are considered very large and treated as unusual observations. Histogram of the residuals shows distribution of residuals for all the observations. The graph of residual vs. fits should be randomly scattered about zero. One of the assumptions of regression and ANOVA is that the variance of error term is constant. In residual vs. fitted plots; these errors will have a constant variance when the residuals are scattered randomly about zero. Residual vs. order of data indicates whether there are systematic effects in data due to time or data collection order. Residual plots for the five critical responses are shown in Figure 3 . Thus, from the above PBD, it was concluded that pH, Flow rate and Buffer ratio were the 3 most significant variables affecting all the critical responses, which were further used as critical factors for the next stage of optimization in QBD.
Selection of internal standard (IS):
For internal standardization the compound selected as IS is added to the sample prior to sample pretreatment and ratio of response of analyte to that of 'IS' is plotted against concentration of the analyte. Different compounds (Aceclofenac R t 10.1; Amoxicillin R t 2.01; Brimonidine, R t 2.67; Flucloxacillin R t 4.08; sulfamethoxazole R t 2.1; Oxcarbazepine R t -5.7; Hydrochlorthiazide R t 2.23 and Carbamazepine R t 8.2 ) were tried based on their pKa and log P value. Carbamazepine was selected as IS as it showed symmetric and resolved peak from analyte ( Figure 4 ).
Full Factorial Design (FFD) for Optimization of chromatographic Method:
Based on PBD three significantly influencing factors i.e. pH, % Buffer ratio and flow rate were used to get an optimized method which lead to generation of Design space in which the method is robust. Optimum ranges in which these factors were varied were confirmed from the Preliminary investigation studies (shown in Table 1 ). A 3 3 full factorial design requiring 27 runs was employed to generate an optimized bioanalytical method. Summary of ANOVA and Fit of model are described in Table 2 The desired target or range specified for method optimization were Retention time (5.5-6.5), Resolution (2-8), Asymmetric factor 1 and 2 (0.9-13), Area 1 and 2 (in range), Theoretical plates 1 and 2 (>2500). Based on desired input goals for the responses, optimized solutions were generated by the software. Out of that 6 were selected for checkpoint analysis. All these six predictions were tested by experimental trials and the responses observed lie within 95% confidence interval of their predicted values. One of these solutions was also selected as the final optimized working point for the proposed Bioanalytical method i.e. Ammonium Acetate buffer pH 6: Acetonitrile in ratio of 60:40 that gives well resolved symmetric chromatogram (Figure 4 
Validation of developed bioanalytical method
Assay selectivity: There was no chromatographic interference from endogenous compounds at the retention times of EDA and CAR. The chromatographic peaks were well resolved to baseline.
Limit of detection (LOD) and lower limit of quantification (LLOQ):
The drug was detectable in plasma samples upto 100 ng/ml while 500 ng/ml concentration was selected as the LLOQ.
Linearity of calibration curves:
The linearity of the calibration curve for EDA spiked in plasma over the concentration range of 500-20,000 ng/ml was evaluated. Calibration curves consisting of seven concentration values (500, 800, 1000, 5000, 10000, 15000 and 20,000 ng/ml) of EDA spiked in human plasma with respect to the area ratio of drug to internal standard were constructed. The mean linear regression equation of the calibration curves (n = 5) was: y = 0.1075x + 0.0679; where y represents the peak area ratio (EDA/CAR), and x represents the plasma concentration of EDA in (ng/ml).
The mean correlation coefficient (r 2 ) was 0.994.
Precision and accuracy:
The intraday assay %CV at LLOQ, LQC, MQC and HQC were 3.578%, 1.221%, 1.791% and 0.791% respectively. The interday assay %CV for the above concentrations were 2.744%, 0.749%, 1.122% and 0.923% (n = 5 in all cases) respectively. Intraday assay and interday assay accuracy ranged from 89% to 104% which is within the limits specified.
The results indicate the precision, accuracy and reproducibility of the assay. These results are summarised in Table 3 . Extraction recovery: Absolute recovery of EDA and CAR was calculated which determine the extraction efficiency of method. The mean percentage extraction recoveries of EDA at the three QC concentrations (LQC, MQC and HQC) were 88.83%, 93.56% and 92.65% respectively. The overall %CV was found to be 1.646%. CAR (IS) showed relatively high extraction recovery about 94-96%. Dilution Integrity: %CV for dilution integrity at 1:2 and 1:4 levels are 0.0509% and 0.962% respectively and the % mean accuracy was calculated to be 95.294% and 101.362% respectively. Stability: EDA was stable in spiked plasma when stored for 24 hrs at room temperature (bench top stability) and for three freeze thaw cycles at -70±5 °C (freeze thaw stability). The stock solution of EDA was stable for 24 hrs at room temperature (short term stock solution stability) and for 7 days at 2-8ºC (long term stock solution stability). The %mean stability of these samples and their %CV are reported in Table 4 . System suitability tests: Parameters such as theoretical plates, asymmetry factor, capacity factor and resolution were calculated for EDA and CAR in the plasma sample solutions along with their standard deviation to determine the system suitability of HPLC method by taking six replicates of the samples. The system suitability parameters showed satisfactory results and the lower standard deviation obtained indicates the repeatability of the method. The results are shown in Table 5 .
Pharmacokinetic Analysis
The proposed bioanalytical method could be applied for study of pharmacokinetics of EDA and detection of any metabolites. When the processed plasma samples collected from rats as described in section 2.8 were injected into HPLC, peak of EDA could be clearly seen at retention time of about 5.2 m. Apart from this, two other distinguished sharp peaks could also be observed at retention times of 3.4 m and 9.9 m suggesting at least two major metabolites of EDA in plasma. Literature review revealed that these two major metabolites of EDA could possibly be Edaravone gluco-uronate and Edaravone sulphate. Figure 4 depicts the overlay chromatograms which shows the changes in drug concentrations and metabolites of EDA at various designated time points (5, 10, 15, 20, 30 , 40 m). The pharmacokinetic parameters were calculated with a Non-Compartmental model using Thermo Kinetica PK/PD analysis software (version 5.0 Thermo Fisher Scientific). The peak plasma concentration (Cmax) and the corresponding time (T max ) were directly obtained from the raw data. The other pharmacokinetic parameters obtained using non compartment model is shown in Table 6 . AUC TOTAL was calculated using mixed log linear model. Concentration-time profile of EDA in rats after intravenous administration is shown in Figure 5 .
CONCLUSION
QBD was not utilized in earlier reported HPTLC and LC-MS/MS methods. By adopting a QBD approach for present method, a successful model highlighting an allowed designed space for a defined response is obtained. PBD lead to filtering the highly significant critical material attributes among all the different variables affecting the process. These deduced factors when subjected to FFD generated a design space within which the method was robust. Thus, a well resolved chromatogram for Edaravone and internal standard Carbamazepine could be obtained which was then employed as a bioanalytical method. The developed assay was specific, accurate, precise and reproducible for the analysis of EDA in plasma. The use of this method can also enable the characterization of EDA pharmacokinetics after single intravenous dose without any interference of the metabolite. Compared to LC-MS, it is a simple and inexpensive method that can be easily and successfully extended to quantitate EDA in plasma for routine monitoring of levels of EDA in laboratories. However the proposed method is less sensitive as compared to reported HPTLC method.
